Effect of high temperature tolerance in relation to carbon partitioning and grain sink activity was studied in ten genotypes of wheat (viz C 306, PBW 343, PBW 502, PBW 509, PBW 521, PBW 522, PBW 550, Inqalab, WL 711 and Sonalika) under normal (November, 25.6˚C during grain filling) and late planting conditions (December, 29.4˚C). Contents of reducing sugars first increased till actively metabolizing stage i.e. 14 days after anthesis (DAA) in parallel with the activity of acid invertase and thereafter declined. Significant reduction in total free sugars and sucrose content was observed during grain development. Acid invertase activity got induced especially in PBW 343 and C 306 under late sown conditions, whereas sucrose synthase, total amylase activities got repressed. Sucrose synthase was significantly high at all stages and it predominated over invertases. Neutral invertase and total amylase showed peak activity of one week earlier in the late sown crop as compared to normal sown crop. A premature cessation of starch deposition occurred in cvs PBW 521, PBW 522 under late sown conditions due to shortening of grain filling period. Our results suggest that decline in sugar content in spite of high sucrolytic enzymes may be correlated to more utilization of assimilates over production/translocation for grain sink activity under high temperature influences. Knowledge of the mechanisms that underlie carbohydrate partitioning in diverse genotypes could be exploited for generating germplasm that can tolerate high temperature.
Introduction
High temperature (>30˚C) at the time of grain filling is one of the major constraints in increasing productivity of wheat in tropical countries like India [1] . It has been reported that single grain mass falls by 3% -5% for every 1˚C rise in temperature above 18˚C [2] . About 50% of wheat area is planted after the optimum time and therefore, suffers heat stress which causes a significant yield loss. To sustain wheat productivity under late planting, research emphasis has been given to develop heat tolerant genotypes. Information on high temperature effects on various parameters associated with heat tolerance of wheat genotypes under field conditions are still inadequate [3] . A major perturbation of plant protection under heat stress is ascribed to carbon metabolism [4, 5] which is manifested in premature cessation of starch deposition in endosperm [6] . Supply of assimilates is never the limiting factor rather its utilization within the grain is the controlling factor of sink activity [7, 8] .
Sucrose upon entering into the grain is metabolized by invertases, sucrose synthases and sucrose-phosphate synthase [9, 10] . Activity of these enzymes has been associated with the developmental processes of sinks [11] [12] [13] and they appear to be potential targets of regulation in improving grain filling processes and yield in wheat under heat stress [14] . Improving the genetic adaptations of wheat cultivars to heat stress is an important objective in the breeding programs. Some genotypes are reported to have a thermotolerant response and could be used as genetic sources for heat tolerance [15] .
Grain filling in cereals is mainly determined by sink strength [16, 17] . The sink strength can be described as the product of sink size and sink activity [16] . Sink activeity is a physiological restraint that includes multiple fators and key enzymes involved in carbohydrate utilizetion and storage. Enhanced sink activity under water deficient may be attributed to increased carbon remobilizetion from the stems to grains or accelerated grain filling [10] . Since starch is mainly synthesized from sucrose, which is the major translocatory form of carbon in the phloem from source to sink tissues, therefore its catabolism leads to carbon formation for starch synthesis. Reports in the literature indicate that supply of photoassimilate occur mainly in the form of sucrose in sink organs like seed, which has to be cleaved and resynthesized [18] . In wheat, sucrose enters as such without prior hydrolysis in the endosperm [19] . Following entry into the grain, sucrolytic enzymes are adversely affected under high temperature stress in rice [13] , but there have been no such reports in wheat on genotypic variation for high temperature tolerance. Since, late sown crop experiences heat stress during grain filling period as compared to normal sown crop, therefore, studying grain sink activity and carbon partitioning under these conditions will help the breeders to raise heat tolerant crops.
Materials and Methods

Plant Material and Growth Conditions
Wheat (Triticum aestivum L.) genotypes namely C 306, PBW 343, PBW 502, PBW 509, PBW 521, PBW 522, PBW 550, Inqalab, WL 711 and Sonalika were procured from the Department of Plant Breeding and Genetics, Punjab Agricultural University, Ludhiana. Genotypes were tested for differential response to high temperature tolerance at 7, 14, 21, 28 and 40 days after anthesis (DAA) for carbon partitioning and enzymic studies. Fresh tissue was used for enzyme assays whereas stored tissue was used for sugar analysis. These genotypes were sown on 12th November 2006 (normal sown) and also on 15 th December 2006 (late sown) in order to expose the plants to different temperature regimes. Normal recommended agronomic practices were performed. The temperatures under two sowings at three stages were recorded by a field meterological laboratory fitted with microprocessor controlled data logger, which recorded daily maximum/ minimum temperature. The mean temperatures under normal sown crop at vegetative, anthesis and post anthesis stages were 11.8˚C, 14.5˚C and 25.6˚C whereas in the late sown crop mean temperatures were 13.0˚C, 19.8˚C and 29.4˚C, respectively. Anthesis appeared approximately between 85 to 90 days after planting and grain filling duration was completed in 40 DAA.
Extraction and Estimation of Free Sugars, Starch and Protein
Free sugars were extracted sequentially with 80% and 70% ethanol. The extracts containing sugars were concentrated by evaporating off the ethanol under vacuum. Reducing sugars and sucrose were determined colorimetrically [20] . From the sugar free residue so obtained, starch was extracted with cold (2˚C -4˚C) perchloric (52%), purified with iodine precipitation and estimated as described above. Soluble proteins were extracted in 0.1 M NaOH and precipitated with trichloroacetic acid [21] . [20] . Grain samples (4 g) were homogenized at 0˚C -4˚C in 50 mM Hepes-NaOH buffer (pH 7.5) containing 5 mM MgCl 2 , 1 mM sodium EDTA, 2.5 mM DTT, 0.5 mg·ml −1 BSA and 0.05% (v/v) Triton X100. Homogenates were centrifuged at 10,000 g for 15 min and the pellets resuspended in extraction buffer and centrifuged. The supernatants were pooled and passed through Sephadex G-25 column (17 cm) equilibrated with the above buffer without EDTA and Triton X-100.
Extraction and Assay of Enzymes
Soluble acid and soluble neutral invertases were assayed from the test extracts [20] . The reaction mixture (1 ml) consisted of 0.6 ml of 0.2 M Na acetate buffer pH 4.8 (for soluble acid invertase) or 0.2 M Na phosphate, pH 7.5 (for soluble neutral invertase), 0.2 ml of 250 mM sucrose and 0.2 ml of enzyme extract. The contents were incubated at 37˚C for 20 min and the reaction was terminated by addition of 1 ml of Nelson reagent C. The amount of reducing sugars were measured [22] and the concentration of hydrolysed sucrose was calculated by multiplying the reducing sugar concentration by the factor of 0.95. Sucrose synthase was assayed from the test extracts as described [20] . The reaction mixture (0.5 ml) for sucrose synthase (synthesis) contained 3 mM UDPG, 10 mM fructose, 5 mM MgSO 4 , 40 mM Tris-HCl buffer (pH 8.2) and 0.2 ml enzyme preparation. After incubation at 37˚C for 30 min, 0.1 ml of 30% KOH was added. The contents were heated for 20 min in boiling water bath to destroy free fructose. One ml of resorcinol (0.15 glacial acetic acid + 0.25 g thiourea) and 3 ml of 30% HCl were added. The contents were mixed thoroughly and incubated at 80˚C for 10 min and absorbance was read at 490 nm.
Statistical Analysis
Experiment was laid out in complete randomized block design with three replications. Data was analysed for analysis of variance by factorial randomized design and least significant differences were calculated. In tables ± values represented standard error of the means.
Results
During vegetative, anthesis and post anthesis stages under normal and late sown conditions, genotypes experienced temperature difference of 1.2˚C, 5.3˚C and 3.8˚C, respectively. A reduction of 4 percent in grain weight for each 1˚C increase in mean air temperature during grainfilling was reported earlier [23] .
Effect of High Temperature on Free Sugar Content
Reducing sugar (RS) and sucrose contents declined throughout grain development from 7 to 40 DAA in all genotypes ( Tables 1 and 2 ). Under normal sown conditions PBW 343 had the highest content of total sugar (RS and sucrose) followed by C 306. The genotypes Inqalab and PBW 521 had the least levels of total sugars content.
Whereas the contents of RS first increased till 14 DAA and then declined continuously till maturity ( Table 1) under normal and late sown conditions. Reducing sugar content was comparatively high in the genotypes PBW 343 (9.1 mg/g DW) and PBW 550 (7.7 mg/g DW) and it was lowest in PBW 521 (4.1 mg/g DW) and WL 711 (5.1 mg/g DW) at 7 DAA under normal sown conditions. However, the increased content of RS in these genotypes at 14 DAA can be correlated with peak activity of acid invertase which was maximum at 14 DAA ( Table 4) . Sucrose predominated over reducing sugars in all the genotypes at all stages of grain development both under normal and late sown conditions ( Table 2 ). The genotypes PBW 343 and C 306 had the highest levels of sucrose content at 7 DAA, respectively. Genotypes containing the least levels of sucrose were PBW 521 and Inqalab. 
Effect of High Temperature on Carbohydrate Metabolism
Changes in sucrose to starch metabolizing enzymes viz. invertase, sucrose synthase and total amylase in ten genotypes of wheat under normal and late sown conditions were recorded. Sucrose synthase (synthesis direction) showed peak activity at 7 DAA under normal and late sown conditions, followed by continuous decline till grain maturity ( Table 3) . Heat stress experienced by genotypes under late sown conditions caused reduction in the activity of sucrose synthase. Total activity of acid invertase in ten genotypes of wheat at different stages of grain development is shown in Table 4 . The activity of acid invertase increased till 14 DAA and then decreased till maturity. At 14 DAA under normal sown conditions, the activity of acid invertase was significantly high in C 306 (182 g sucrose hydrolyzed/min/g FW) and PBW 343 (175 g sucrose hydrolyzed/ min/g FW). Whereas under late sown conditions the activity of acid invertase significantly increased in cv PBW 502 (282 g sucrose hydrolyzed/min/g FW) followed by PBW 343 (280 g sucrose hydrolyzed/min/g FW). C 306, WL 711 and PBW 509 also had higher values of acid invertase than other genotypes at 14 DAA. The activity of acid invertase in susceptible genotypes was more at initial and at later stages of the grain development i.e. at 7 and 40 DAA (PBW 509, PBW 521, PBW 522, PBW 550, Sonalika) whereas at all other stages of grain development activity of acid invertase in tolerant genotypes (C 306, PBW 343, PBW 502, WL 711 and Inqalab) was more. Activity of acid invertase at 7, 14 and 28 DAA was more in late sown than in early sown genotypes.
PBW 343 had highest act vity of neutral invertase, i whereas PBW 521 had the lowest activity at 14 and 21 DAA under normal and late sown conditions ( Table 5) which might account for high and low content of reducing sugars in PBW 343 and PBW 521, respectively. The activities of total amylase during grain development are shown in Table 6 . Under normal sown conditions, the total amylase activity increased till 28 DAA but under late sown conditions peak activity was observed at 21 DAA followed by a continuous decline. Genotypes under late sown conditions had lower values of total amylase activity. PBW 343 had the highest amylase activity whereas PBW 521 had the lowest amylase activity at 21 DAA.
Discussion
Irrespective of normal and late sown conditions, there was continuous decline of total sugars (RS + sucrose) in all the genotypes which may be correlated to their rapid utilization for the synthesis of carbohydrate polymer mainly starch. In late sown genotypes there was more decline in total sugar content. Since, temperature was also high during late sown condition, so it is quite likely that higher utilization of sugars prevails during stress conditions. It has also been reported that free sugars decline during biotic or abiotic stresses to overcome stress and sugars are essential to plant growth and metabolism both as energy source and structural components [24] . A higher concentration of sucrose was observed in hybrid corn seeds tolerant to high drying temperatures [25] . The sucrose entering the grain either as such or after inversion is utilized for energy purpose, starch and cell wall polysaccharide synthesis and for the formation of other ellular products. c Sucrose synthase activity per unit fresh weight basis in endosperm decreased significantly as wheat kernel matured [26] . The activity of sucrose synthase was maximum in the genotypes PBW 343 and C 306. This corresponded to the maximum level of sucrose in these genotypes at both normal and late sown conditions. It is well accepted that sucrose metabolism is involved in responses to environmental stresses in many plant species [27] . Reports in the literature indicate that the composition of protein and starch in wheat grain could be easily manipulated by varying concentration of sucrose and glutamine and their ratio in the culture medium [28] . Sucrose and its non reducing derivatives offer several advantages to the plant. Besides their high water solubility, these sugars are readily synthesized from early products of photosynthesis or from the remobilization of storage products such as starch, structural carbohydrates and lipids.
Sucrose synthase activity predominated over invertases during grain development [29] . Pathway of sucrose conversion may depend on the processes occurring in the tissue at that time. Thus in the actively growing and storing sink tissues, sucrose synthase activity predominates and in others particularly those undergoing expansion acid invertase predominates. The concept of two distinct pathways for sucrose degradation was reported earlier [30] , one mediated by sucrose synthase and other by invertases. Sucrose synthase another sucrose cleaving enzyme in addition to invertase also plays an important role as sucrose cleaving enzyme in carbohydrate metabolism, which in presence of UDP converts sucrose into UDP-glucose and fructose [31] . The UDP glucose provides a substrate that can be used directly or after modification and transported to other cellular components for synthesis of cellulose, pectins and starch. An alternative pathway for sucrose hydrolysis in the metabolism of sucrose to starch is via invertases. Within cereal sink itself, there may be variation in sucrose metabolism e.g. during endosperm development in barley, incoming sucrose is converted to UDP-glucose and fructose by UDP dependent SS (sucrose synthase) pathway [32] , whereas in maize endosperms, sucrose may be hydrolyzed initially to free monosaccharides by invertase [33] . Amongst invertases, acid invertase showed a consistently higher activity than neutral invertase throughout grain development in all genotypes of wheat under normal and late sown conditions. Similar results were reported in maize [33] depicting highest invertase activity at 12 DAA with a steady decline thereafter.
Soluble invertases activity was inhibited by both short term and long term heat stress. These results support the hypothesis that the disruption of kernel growth and more particularly endosperm starch biosynthesis in response to heat stress is mainly associated with changes in carbon utilization and partitioning between the different non structural carbohydrates within the endosperm rather than with a limitation in carbon supply to the kernel [7] . High acid invertase activity was found in rapidly growing tissues such as developing roots of carrot [34] or elongating stems of bean [35] in which sucrose content was low or declined rapidly. Thus the function of acid invertase in these tissues is to hydrolyze sucrose under conditions when there is high demand for growth.
Reduction in amylase activity in wheat kernels was reported earlier [36] . PBW 343 had more starch content than PBW 521. At 40 DAA under normal sown conditions PBW 343 had 70 per cent starch content whereas PBW 521 had 63 per cent starch content. Starch content showed continuous increase till 40 DAA in control plants in all cultivars [37] . The presence of high activities of starch hydrolyzing enzymes in grain during active starch accumulation period has raised a fundamental question on the specific role played by these enzymes in grain development. In general these enzymes have been implicated either in the breakdown of starch for the production of energy through metabolism of its released glucose monomers and or generation of primer molecules for starch synthetases [38] .
It may be possible that increased sugars somehow activate the genes involved in stress tolerance. In addition to role of sucrose as major transported assimilate, there is now compelling evidence, that sucrose is an important mobile signal that regulate a variety of different genes and processes in various plant organs [39] . Starch content was higher in developing grains of heat tolerant genotype i.e. PBW 343 than heat susceptible genotype i.e. PBW 521 at maturity. Premature cessation of starch deposition occurred in both genotypes during late sown conditions which indicated pre advanced maturity of developing grains at high temperature during late sown condition. Decline in free sugars and starch during late sown conditions further indicated that terminal heat stress had caused more utilization of carbohydrates to overcome high temperature stress.
Amongst different genotypes studied PBW 343, C 306 have higher carbon partitioning and grain sink activity while PBW 521, PBW 522 are susceptible and PBW 550, PBW 509, Sonalika, WL 711, Inqalab, PBW 502 have been found to be intermediate. Information on carbohydrate partitioning in diverse genotypes could be exploited for generating germplasm that can tolerate high temperature.
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